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[1] The IONS‐04, IONS‐06, and ARC‐IONS ozone sounding campaigns over North
America in 2004, 2006, and 2008 obtained approximately 1400 profiles, in five series of
coordinated and closely spaced (typically daily) launches. Although this coverage is
unprecedented, it is still somewhat sparse in its geographical spacing. Here we use forward
and back trajectory calculations for each sounding to map ozone measurements to a
number of other locations and so to fill in the spatial domain. This is possible because the
lifetime of ozone in the troposphere is of the order of weeks. The trajectory‐mapped ozone
values show reasonable agreement, where they overlap, to the actual soundings, and
the patterns produced separately by forward and backward trajectory calculations are
similar. Comparisons with MOZAIC profiles and surface station data show generally good
agreement. A variable‐length smoothing algorithm is used to fill data gaps: for each point
on the map, the smoothing radius is such that a minimum of 10 data points are included in
the average. The total tropospheric ozone column maps calculated by integrating the
smoothed fields agree well with similar maps derived from TOMS and OMI/MLS
measurements. The resulting three‐dimensional picture of the tropospheric ozone field for
the INTEX and ARCTAS periods facilitates visualization and comparison of different
years and seasons and will be useful to other researchers.

Citation: Tarasick, D. W., et al. (2010), High‐resolution tropospheric ozone fields for INTEX and ARCTAS from IONS
ozonesondes, J. Geophys. Res., 115, D20301, doi:10.1029/2009JD012918.

1. Introduction

[2] Ozone plays a major role in the chemical and radiative
balance of the troposphere. It controls the oxidizing capacity

of the lower atmosphere (it is a primary precursor to the
formation of OH radicals) and thereby the capacity of the
lower atmosphere to remove other pollutants. Ozone acts as
an important infrared absorber (greenhouse gas), particularly
in the upper troposphere, and, because of multiple scatter-
ing, is more effective in filtering UV‐B than its small
abundance in the troposphere (about 10% of the total col-
umn) would suggest. However, at ground level, ozone is
responsible for significant damage to forests and crops and
is a principal factor in air quality, as it has adverse effects on
human respiratory health [Jerrett et al., 2009].
[3] Ozone soundings are the major source of information

on ozone amounts in the free troposphere. When properly
prepared and handled, electrochemical concentration cell
(ECC) ozonesondes have a precision of 3%–5% and an
absolute accuracy of about 10% in the troposphere [Smit et al.,
2007; Kerr et al., 1994; Deshler et al., 2008; Liu et al.,
2009]. The ozone sensor response time (e−1) of about 25 s
gives the sonde a vertical resolution of about 100 m for a
typical balloon ascent rate of 4 m/s in the troposphere. Two
types of ECC ozonesondes are in current use, the 2Z model
manufactured by EnSci Corp. and the 6A model manufac-
tured by Science Pump, with minor differences in con-
struction and some variation in recommended concentrations
of the potassium iodide sensing solution and of its phosphate
buffer. The maximum variation in tropospheric response

1Air Quality Research Division, Environment Canada, Downsview,
Ontario, Canada.

2Department of Earth and Space Science and Engineering, York
University, Toronto, Ontario, Canada.

3Now at Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, California, USA.

4Now at Space Sciences Laboratory, University of California, Berkeley,
California, USA.

5Department of Meteorology, Pennsylvania State University,
University Park, Pennsylvania, USA.

6NOAA Climate Monitoring and Diagnostics Laboratory, Boulder,
Colorado, USA.

7Goddard Earth Sciences and Technology Center, University of
Maryland, Baltimore, Maryland, USA.

8Harvard‐Smithsonian Center for Astrophysics, Cambridge,
Massachusetts, USA.

9Cooperative Institute for Research in Environmental Sciences,
University of Colorado, Boulder, Colorado, USA.

10NOAA Earth System Research Laboratory, Boulder, Colorado, USA.
11Air Quality Research Division, Environment Canada, Ottawa,

Ontario, Canada.
12Laboratoire d’Aerologie, Centre National de la Recherche

Scientifique, Observatoire Midi‐Pyrenees, Toulouse, France.

Published in 2010 by the American Geophysical Union.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, D20301, doi:10.1029/2009JD012918, 2010

D20301 1 of 12

http://dx.doi.org/10.1029/2009JD012918


resulting from these differences is likely on the order of
2%–3% [Smit et al., 2007].
[4] Although the vertical resolution of ozone soundings is

excellent, their geographical and temporal coverage is
sparse. Worldwide, there are currently about 60 ozonesonde
stations making regular soundings and reporting the data
to the World Ozone and Ultraviolet Radiation Data Center
(WOUDC; http://www.woudc.org/). Most make weekly
soundings. However, during the ICARTT (International
Consortium for Atmospheric Research on Transport and
Transformation) INTEX (Intercontinental Chemical Trans-
port Experiment) field campaigns (1 July to 15 August 2004),
Environment Canada (EC), the National Aeronautics and
Space Administration (NASA), the National Oceanic and
Atmospheric Administration (NOAA), and several U. S. uni-
versities pooled resources to release 275 ozonesondes from a
dozen sites across the eastern United States and Canada under
the IONS‐04 (INTEX Ozonesonde Network Study 2004)
program [Thompson et al., 2007a, 2007b]. This represented
the largest single set of free tropospheric ozone measure-
ments ever compiled (as of 2004) for this region.
[5] A second IONS campaign, IONS‐06, was carried out

in 2006, to complement the INTEX‐B and TEXAQS aircraft
and model studies. This campaign provided more complete
coverage of North America, with more sites and launches: a
total of 740 sonde profiles were taken from 23 sites.
[6] In 2008, the ARC‐IONS (ARCTAS Intensive Ozo-

nesonde Network Study) campaign was undertaken in
cooperation with the NASA project Arctic Research of the
Composition of the Troposphere from Aircraft and Satellites
(ARCTAS), with sites in Canada, Alaska, Greenland, and
the northern United States. It consisted of two phases (April
and July) with 17 sites, most launching daily, for a total of
more than 380 profiles.
[7] The IONS coordinated intensive observational cam-

paigns have provided a unique set of ozone profile mea-
surements over North America. The data have been used
extensively to study tropospheric ozone processes and their
contribution to the ozone budget [e.g., Cooper et al., 2006,
2007; Thompson et al., 2007a, 2007b, 2008; Tarasick et al.,

2007; Pfister et al., 2008; Yorks et al., 2009] for validation
of satellite measurements [Parrington et al., 2008, 2009;
Stajner et al., 2008; Schoeberl et al., 2007; Nassar et al.,
2008; Jiang et al., 2007; Dupuy et al., 2009; Livingston
et al., 2007; Nardi et al., 2008] and for initialization and
validation of models [Chai et al., 2007; Pierce et al., 2007,
2009; Yu et al., 2007; Tang et al., 2008].
[8] Although the geographical and temporal coverage of

the IONS measurements is more than 5 times greater than
that of regular network launches, it is still somewhat sparse
in its geographical spacing. However, as the lifetime of
ozone in the troposphere is of the order of weeks, a mea-
surement of ozone mixing ratio at one place and time also
provides an good estimate of ozone mixing ratio in that
same air parcel several hours or days before and after. It is
therefore possible to employ a technique that has been
used successfully in the stratosphere [Sutton et al., 1994;
Newman and Schoeberl, 1995; Morris et al., 2000] and use
forward and back trajectory calculations for each sounding
to map ozone measurements to a number of other locations
and so to fill in the spatial domain. In the troposphere, tra-
jectories have larger errors than in the stratosphere [Stohl
and Seibert, 1997], primarily because of the importance of
vertical motion, which is difficult to compute accurately,
but also because of turbulence in the boundary layer.
Nevertheless, trajectory‐based domain‐filling models have
been used successfully to extend ozone climatologies based
on MOZAIC aircraft data [Stohl et al., 2001], to recon-
struct tropospheric water vapor fields [Pierrehumbert, 1998;
Pierrehumbert and Roca, 1998; Dessler and Minschwaner,
2007], and to analyze small‐scale variations in ozone
mixing ratio observed by research aircraft [Methven et al.,
2003].

2. Data and Method

2.1. Ozonesonde Profiles
[9] During the three IONS campaigns ozonesonde profile,

data were collected at the sites described in Tables 1–3. At
all sites electrochemical concentration cell (ECC) ozone-
sondes were used, either the 2Z model manufactured by
EnSci Corp. or the 6Amodel manufactured by Science Pump,
with some variation in concentration of the KI sensing solu-
tion and of its phosphate buffer. Sounding frequency varied,
from as often as twice daily to as little as weekly, as may be
seen from the column indicating the number of available
profiles for each site. Sonde release times also varied between
sites but were generally constant, within a campaign, for each
site. In general sonde releases were timed to coincide with
satellite overpasses and with the maximum in the diurnal
cycle of tropospheric ozone (∼1–3 p.m. local standard
time), except where prescribed by operational weather
service requirements (as for many of the Canadian sites,
which launch at 11 or 23 UT).

2.2. Data Mapping
[10] Ozone profile data were first converted to 1 km

altitude resolution. Ozone partial pressures were averaged
for 1 km layers starting at sea level, where altitude was
calculated from the measured temperature profile using the
hydrostatic relation. These were then divided by the average

Table 1. IONS‐04 Sites for the July 1 to 15 August 2004 Study
Period

Sounding Site

Location

No. of
Profiles

Release
Time

Lat
(°N)

Long
(°W)

Alt
(m) UT LST

Canada
Egbert, ON 44.23 79.78 251 5 11 6
Sable Is., NS 43.93 60.01 4 33 23 18
Yarmouth, NS 43.87 66.12 9 15 17 12

USA
Ron Brown research vessel,

Gulf of Maine ∼43.3 ∼69.5 0 33 15 10
Beltsville, MD 39.04 76.52 24 8 14 9
Boulder, CO 40.30 105.20 1743 7 17 10
Houston, TX 29.87 95.33 19 25 19 13
Huntsville, AL 34.73 86.58 196 14 19 13
Narragansett, RI 41.52 71.32 21 39 18 13
Pellston, MI 45.57 84.68 235 38 18 13
Trinidad Head, CA 41.05 124.15 20 20 18 10
Wallops Is., VA 37.85 75.50 13 18 17 12
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pressure in the layer to produce values for average ozone
mixing ratio. The tropopause height was calculated for each
profile according to the World Meteorological Organization
[1992] criterion, that is, the lowest height at which the
temperature lapse rate falls to 2°C/km or less, provided that
the average lapse rate for 2 km above this height is also not
more than 2°C/km. The layer containing the tropopause and
those above were not used.
[11] For each location, at 1 km height intervals (0.5 km,

1.5 km, etc.) forward and back trajectories were calculated
using version 4.8 of the HYSPLIT model [Draxler and Hess,
1997, 1998], developed by the NOAA Air Resources Labo-
ratory (NOAA ARL). The meteorological input for the tra-
jectory model was the global NOAA‐NCEP/NCAR (National
Centers for Environmental Prediction/National Center for
Atmospheric Research) pressure level reanalysis data set.
Each trajectory was calculated for 96 h duration, and the
original data were mapped to the locations calculated for
every 6 h along the forward and back trajectories. In this way,
each original measurement was mapped into 32 additional
ozone mixing ratio values.
[12] As a quality check, maps produced using only for-

ward trajectories or only back trajectories were compared.
These showed, in a few cases, anomalous differences that
could be traced to measurements near particularly strong
ozone sources. At such points, rapid local ozone production
can overwhelm the contribution from advection. The local
measurement is therefore not representative of past his-
tory, and the back trajectory mapping of the measured ozone
is invalid. Such back trajectories were removed. (The for-
ward trajectory‐mapped values were presumed still valid.)
Although all five IONS campaigns and all levels were
similarly examined, only a small number of back trajectories

needed to be removed, primarily from the Houston area,
Mexico City, and Holtville, CA, in the summers of 2004
and 2006.
[13] The original and trajectory‐mapped data were then

averaged into bins measuring 1° latitude by 1° longitude,
at each 1 km altitude, for the duration of each campaign
(∼1 month in each case). Two different altitude coordinates
were employed for this binning, and so two sets of maps

Table 2. IONS‐06 Sites for the March to May (INTEX‐B) and August 2006 Study Periods

Sounding Site

Location No. of Profiles Release Time

Lat (°N) Long (°W) Alt (m) March April–May August UT LST

Canada
Bratt’s Lake, SK 50.20 104.70 580 2 30 29 21 15
Edmonton, AB 53.55 114.11 766 3 4 4 11 4
Egbert, ON 44.23 79.78 251 3 5 15 19 14
Kelowna, BC 49.93 119.40 456 2 26 27 23 15
Sable Is., NS 43.93 60.01 4 28 23 18
Walsingham, ON 42.64 80.60 200 21 20 1,13 20,8
Yarmouth, NS 43.87 66.12 9 3 5 13 23 18

USA
Ron Brown research vessel, Gulf of Mexico ∼29.0 ∼95.0 0 38 18 12
Barbados 13.20 59.50 0 27 17 13
Beltsville, MD 39.04 76.52 24 12 18 13
Boulder, CO 40.30 105.20 1743 4 5 34 19 12
Holtville, CA 32.80 115.40 −19 20 20 12
Houston, TX 29.72 95.40 19 17 7 19 20 14
Huntsville, AL 35.28 86.58 196 11 3 33 18 12
Narragansett, RI 41.52 71.32 21 2 13 30 17 12
Paradox, NY 43.92 73.64 284 5 19 14
Socorro, NM 34.6 106.9 1402 27 19 12
Table Mountain, CA 34.40 117.70 2285 3 2 31 20 12
Trinidad Head, CA 41.05 124.15 20 6 15 31 20 12
Valparaiso, IN 41.50 87.00 240 15 5 19 14
Wallops Is., VA 37.87 75.50 13 5 7 11 17 12
Richland, WA 46.20 119.16 123 24 21 13

Mexico
Mexico City 19.42 98.58 2272 14 21 18 12

Table 3. ARC‐IONS Sites for the April and July 2008 Study
Periods

Sounding Site

Location
No. of
Profiles

Release
Time

Lat
(°N)

Long
(°W)

Alt
(m) April July UT LST

Canada
Bratt’s Lake, SK 50.20 104.70 580 15 14 21 15
Churchill, MB 58.74 94.07 30 17 10 23 17
Edmonton, AB 53.55 114.11 766 19 16 23 16
Egbert, ON 44.23 79.78 251 11 18 13
Eureka, NU 79.99 85.94 10 19 1 23 18
Goose Bay, NL 53.32 60.30 44 15 23 19
Kelowna, BC 49.93 119.40 456 13 14 23 15
Resolute, NU 74.71 94.97 46 17 2 23 17
Sable Is., NS 43.93 60.01 4 12 15 23 18
Whitehorse, YT 60.70 135.07 704 12 15 23 15
Yarmouth, NS 43.87 66.12 9 15 23 18
Yellowknife, NT 62.50 114.48 210 19 19 12

USA
Barrow, AK 71.32 156.60 11 20 21 12
Boulder, CO 40.30 105.20 1743 13 19 12
Narragansett, RI 41.52 71.32 21 4 3 16 11
Summit, Greenland 72.57 38.48 3238 19 18 14 11
Trinidad Head, CA 41.05 124.15 20 18 17 19 11
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were produced: one binned by altitude above sea level and
the other binned by altitude above ground level.
[14] Both sets of maps are presented with and without

smoothing. For the smoothed maps, a variable‐length
smoothing algorithm is employed: each 1 × 1° pixel on the
map is replaced by the simple average of all data points
within a radius of 1°–10°, the smoothing radius being
made just large enough that a minimum of 10 data points
are included in each average. The parameters of 10° radius
(1–2 correlation lengths for ozone in the troposphere) and
10 points are evidently somewhat arbitrary and were
determined empirically. Where the data density is high,
these parameters imply that for some pixels no smoothing is
applied. No average is calculated for locations that do not
have 10 data points within a 10° radius.

2.3. Accuracy
[15] The accuracy of these results depends upon the

accuracy of the calculated trajectories and also on the
assumption that ozone chemistry can be neglected over a
4‐day time scale. The latter assumption is generally valid,

since the average lifetime of ozone is about 22 days in the
troposphere [Stevenson et al., 2006], although it varies with
latitude, altitude, and season [von Kuhlmann et al., 2003;
Roelofs and Lelieveld, 1997]. However, as is well known,
in pollution plumes photochemistry can produce ozone on
time scales of a few days [e.g., Mao et al., 2006], so this
assumption can be violated in certain circumstances, as
described below.
[16] A number of studies have attempted to estimate the

accuracy of trajectories by several different methods.
Downey et al. [1990] estimate typical errors of 350 km for
4 day trajectories based on estimated wind errors. Stohl
[1998] gives a comprehensive review of studies using
balloons, material tracers, smoke plumes, and Saharan dust
to evaluate trajectory errors and quotes typical errors of 20%
of the trajectory distance or about 100–200 km/d (with wide
variation between studies). More recently, Harris et al.
[2005] evaluate trajectory model sensitivity to uncertainties
in input meteorological fields and find uncertainties of
30%–40% of the horizontal trajectory distance or 600–
1000 km after 4 days, while Engström and Magnusson
[2009], using an ensemble analysis method, find typical
errors in the northern hemisphere of 350–400 km after
3 days and ∼600 km after 4 days.
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Figure 1. (top) Trajectory‐mapped ozone field at 2–3 km
above ground level, from the IONS soundings for August
2006. The original data set is 480 soundings from 22 sites.
The individual (1° × 1°) pixel averages are shown. The
locations of the sounding sites contributing data to this map
are also indicated. (bottom) Smoothed version of the ozone
field in the upper figure (see text).

Figure 2. (top) The number of data points contributing to
the averages in Figure 1. (bottom) The standard error in
ppb for each (1° × 1°) pixel average.
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Figure 3
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[17] Calculated correlations between ozone values over
North America from Aura OMI (Ozone Monitoring
Instrument) retrievals [Liu et al., 2005, 2009a, 2009b], and
trajectory‐mapped ozone soundings at different altitudes
(not shown) decrease with time for 1, 2, 3, and 4 days’ lag,
indicating a decline in accuracy with time (or trajectory
length) of the trajectory‐mapped ozone values that is con-
sistent with the discussion above; that is, trajectory error
increases with time. Correlations are also in general non‐
negligible even at 4 days’ lag. Since this lag is considerably
longer, both in time and average trajectory length, than
typical correlation time scales (or distances) for ozone in the
troposphere [Liu et al., 2009], it implies (as expected based
on the discussion above) that the trajectory‐mapped values
have useful information even after 4 days.
[18] The estimates of ∼100–200 km/d quoted above rep-

resent errors for individual trajectories in the troposphere.
Errors in the final product should be much reduced by
averaging of multiple trajectories. However, in the planetary
boundary layer (PBL), complex dispersion and turbulence
tends to render single trajectories less representative of the
actual flow [Stohl and Seibert, 1997], and several authors
suggest using an ensemble of trajectories [Merrill et al.,
1985; Stohl, 1998]. In the PBL therefore the averaging of
ozone values from multiple trajectories in each pixel, as

well as subsequent horizontal averaging (smoothing), will
be particularly important for reducing trajectory errors.
Nevertheless, we expect results for the lowest (0–1 km)
layer to be less accurate than for higher levels.

3. Results and Discussion

3.1. Validation
[19] Figure 1 (top) shows an example of a trajectory‐

mapped ozone field produced by the procedure described
above. The original data set of approximately 480 mea-
surements has been mapped into some 15,800 data values
(not precisely 33 × 480, as air parcels do not necessarily
remain within an altitude level for the entire 96 h duration
of a trajectory). Coverage of North America is quite good,
and although there appears to be considerable variation
between nearby pixels in some cases, the map shows fea-
tures expected of the ozone distribution at this altitude: high
values near Mexico City and over the Atlantic Ocean off the
eastern seaboard, and low values over northern Canada and
very low values over the Caribbean. Higher values over the
Rocky Mountains reflect the fact that this map is for 2–3 km
above ground level, which is the middle troposphere above
the Rockies.

Figure 4. Comparisons between MOZAIC (Measurement of OZone and Water Vapor by AIrbus
in‐service airCraft) profiles and trajectory‐mapped ozone at four North American sites for the July to
August 2004 IONS campaign. The error bar half‐length is 2 times the standard error of the mean (equivalent
to 95% confidence limits on the averages when n is large).

Figure 3. Comparisons between the measured ozonesonde profiles and trajectory‐mapped fields for selected IONS‐06
sites for the month of August 2006. “Measurement” is the ensemble of measured profiles for that site; “Prediction” is
the profile generated from the mapping procedure when data from that site is omitted. The error bars indicate 95% confi-
dence limits on the monthly averages.
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[20] Similar maps, but produced using only forward tra-
jectories or only back trajectories, and therefore comprising
half the number of data points (not shown), while not
identical, showed similar patterns, permitting some confi-
dence that the averaged results of the trajectory calculations
are in general reasonably accurate.
[21] Nevertheless this map appears somewhat “noisy”;

that is, it shows small‐scale variability that appears random,
particularly in areas where data density is low (Figure 2).
Since 1° is much less than typical correlation lengths for
ozone in the troposphere [Liu et al., 2009], this implies that
some degree of horizontal averaging would improve esti-
mates in such areas. However, such averaging will also
flatten or reduce any real features that have sharp gradients.
Figure 2 indicates that while many pixels contain only one
or a few data points, others have as many as 20. In the
former case, the number of data points is too small to pro-
duce an accurate estimate of the monthly average, and

horizontal smoothing would improve that estimate by
including information from adjacent pixels. In the latter
case, the estimation error is likely already low, and infor-
mation from adjacent pixels is not likely to improve the
estimate. The smoothing function described in section 2.2
attempts to preserve sharp gradients in the maps where the
data density is sufficient to resolve them, while smoothing
“noise” (both measurement and/or mapping errors and
atmospheric variability) where data density is low. The
bottom shows the result of this smoothing applied to the
trajectory‐mapped ozone field. In addition to filling in data
gaps with values that are averages of nearby pixels, the
smoothing has indeed reduced some of the small‐scale
variability where data density is low (off the coast of eastern
Canada and in the western United States, for example). In
such areas and particularly near the edges of the original
data field where there are larger data gaps, the smoothing
has generated broad features. In the southern and eastern
United States, as well as in the northwestern United States
and southwestern Canada, where Figure 2 shows a higher
density of data, the smoothed field shows more detail.
[22] As noted earlier, the trajectory‐mapped data set from

which Figure 1 was generated contains nearly 16,000 values;
many of these fall within the same 1° × 1° pixel and so are
averaged. Figure 2 shows the number of data values and the
standard error of the mean for each pixel average in Figure 1.
The standard errors are generally of the order of a few ppbv
(bottom), although where data density is low (top) they can
be higher.
[23] Probably the most revealing test of an interpolation

model is to examine how it performs in areas where no data
is available. Figure 3 shows comparisons between the mea-
sured ozonesonde profile averages for several IONS‐06 sites
and the profiles produced by trajectory mapping (not
smoothed) when data from that site is omitted. Agreement is
generally quite good, with most sites at most levels showing
differences that are much smaller than the confidence limits
on the averages. Some sites show larger differences at the
surface and in the PBL, which is not unexpected since, as
noted earlier, trajectories are probably less accurate in the
PBL, and photochemical production and loss of ozone is
more rapid there. However, at Trinidad Head, on the Pacific
coast, and to a lesser extent Kelowna (also a west coast site,
but somewhat inland) the interpolation shows a significant
negative bias when the measured data from the site itself
are removed. At these sites, when the measured data are
removed, the interpolation must rely on trajectories from
continental sites that have generally higher ozone con-
centrations, while airflow from the west (the dominant
influence in the extratropics) would not be represented, as
there were no ozonesonde sites to the west (that is, in the
Pacific Ocean). This is much less of an issue when data from
these sites are present, since local measurements will dom-
inate the averages. However, at coastal sites distant from
measurement sites, this will likely introduce biases since
trajectories representing airflow from over the ocean will not
be included (as there are no measurement sites over the
ocean).
[24] This is illustrated in Figure 4, which shows compar-

isons for the July to August 2004 IONS campaign between
MOZAIC (Measurement of OZone and Water Vapor by
AIrbus in‐service airCraft) profiles and trajectory‐mapped

Figure 5. Comparison between the trajectory‐mapped
ozone field in (top) the lowest kilometer of the atmosphere
and (bottom) average mean daily 1 h maximum surface ozone
from the NAPS and EPA data bases (1160 sites total) for the
month of August 2006. The surface values have been aver-
aged in 1° × 1° bins and smoothed in the same way as the ozo-
nesonde data. Except for central California (where there are
no ozonesonde measurements) and northern Mexico (where
there are no surface data), the two distributions show fair
agreement.
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ozone (not smoothed) at four sites in eastern North America.
Differences below 10 km are generally within 95% confi-
dence limits on the averages, except for Atlanta. Atlanta is
on the coast, and the nearest sounding sites (Houston and
Huntsville) are quite distant and inland.
[25] Figure 5 shows a comparison between the (smoothed)

trajectory‐mapped ozone field for 0–1 km and mean daily
1 h maximum surface ozone from the National Air Pollution
Surveillance (NAPS) network Canada‐wide data base
and the U.S. EPA Air Quality System (AQS) data base
(1160 sites total) during the month of August 2006. Mean
daily 1 h maximum ozone was chosen as the parameter most
similar to the ozone soundings, as the latter were mostly
taken in midafternoon. The surface values have been aver-
aged in 1° × 1° bins and smoothed in the same way as the
ozonesonde data. The 0–1 km layer is only approximately
representative of the PBL, and as remarked above, trajectory
errors in the PBL are expected to be larger than in the free
troposphere. The surface data are also highly concentrated in
California and the eastern United States and sparse through
the midwestern United States and Canada; errors in the
surface field will be primarily due to linear interpolation in
regions of sparse data. Despite these caveats, except for
central California (where there are no ozonesonde mea-

surements) and northern Mexico (where there are no surface
data), the distribution patterns show evident similarities. A
more quantitative comparison, selecting pixels that contain
both several surface sites and several trajectory‐mapped
ozone values (not smoothed), shows a correlation coefficient
of about 0.6 for the August 2006 period, if the central
California values are excluded. Similar comparisons for the
other IONS periods show correlation coefficients generally
between 0.6 and 0.7, with the exception of spring 2006,
for which the correlation is poor (0.2).

3.2. Examples
[26] Figures 6–9 show examples of trajectory‐mapped

fields at different altitudes for the other IONS campaigns.
Coverage of North America is fairly good. During IONS‐04
(which focused on eastern North America), it is less dense in
the west, while during IONS‐08 (which focused on the
Arctic), it is better in the north, but lacking south of about
30°N.
[27] Figures 6 and 7, also for 2–3 km altitude, can be

compared with Figure 1. In all three maps, one can clearly
see such features as the continental outflow from the
southeastern United States (with higher ozone values in
April 2006, at this altitude, than in August). Outflow from

Figure 7. IONS‐06 average ozone field for April–May
2006 from trajectory‐mapped ozone soundings at 2–3 km
altitude: (top) the individual (1° × 1°) pixel averages;
(bottom) the smoothed field.

Figure 6. IONS‐04 average ozone field for July–August
2004 from trajectory‐mapped ozone soundings at 2–3 kmalti-
tude: (top) the individual (1° × 1°) pixel averages; (bottom)
the smoothed field.
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the northeastern United States and Canada is also evident in
all three maps, but this has higher values in August 2006,
and possibly in both summers. However, there is limited
sampling off the east coast of Canada in the spring 2006
map (Figure 7), resulting in a smoother field that may be
exaggerating the value of these sparse data.
[28] The outflow off the California coast in August 2006

(Figure 1) is present but weaker in 2004 and apparently
stronger (more data points further from land) but with lower
ozone on average in April to May 2006. In both of the
summer figures a number of pixels with ozone values of
70–75 ppb off the coast of California have been interpo-
lated in the smoothed plot to a large and prominent feature,
quite possibly exaggerating its importance. Also, in all three
figures, features appear to be “stretched” by the smoothing
on the edges of the sampling domain, most evidently toward
the south. This is again an artifact of the smoothing, which
fills in data gaps with the nearest available information. The
high ozone feature off the Mexican coast in August 2006 is
not seen in other maps, but this is likely because there were
no Mexico City ozone soundings in the other data sets.
[29] The eastern continental outflow is much less evi-

dent in Figures 8 and 9, as these show fields at 0–1 km
and so primarily boundary layer ozone. Comparison of

Figure 8 with 9, or Figure 7 with 1, shows that ozone in
the free troposphere is considerably higher over northern
Canada and the Arctic in April than it is in summer. This is
a feature of the ozone climatology over Canada that is well
known from the long‐term ozonesonde record at several
stations [Logan, 1999; Tarasick and Slater, 2008; Tarasick
et al., 1995] but can be seen from these images to be a
consistent pattern on a large geographic scale.

3.3. Comparison With Satellite Tropospheric Ozone
Column Fields
[30] Figure 10 shows the tropospheric ozone column

(TOC) field for August 2006, obtained by integrating the
smoothed IONS‐06 fields, like that shown in Figure 1. This
can be compared with the August 2006 TOC field over
North America derived from OMI/MLS observations
[Ziemke et al., 2006; see http://acdb‐ext.gsfc.nasa.gov/
Data_services/cloud_slice/]. The correspondence between
the two is further evidence that the trajectory mapping is
distributing ozone in the horizontal correctly: the ozone-
sonde‐derived fields show clearly the continental outflow
(high ozone over the Atlantic, and to lesser extent, over the
Pacific), as well as the southeast‐northwest gradient of ozone.
Significant features appear in the same places in both maps

Figure 9. ARC‐IONS average ozone field for July 2008
from trajectory‐mapped ozone soundings at 0–1 km altitude:
(top) the individual (1° × 1°) pixel averages; (bottom) the
smoothed field.

Figure 8. ARC‐IONS average ozone field for April 2008
from trajectory‐mapped ozone soundings at 0–1 km altitude:
(top) the individual (1° × 1°) pixel averages; (bottom) the
smoothed field.
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and gradients appear to be of similar magnitude; however,
there is a fairly constant bias of 5–10 DU, which is probably
due to differences in tropopause height determination.
[31] The TOC fields for the other IONS periods, obtained

by integrating the smoothed IONS fields (not shown) also
show patterns that compare well with the TOC fields
derived from OMI/MLS observations [Ziemke et al., 2006;
see http://acdb‐ext.gsfc.nasa.gov/Data_services/cloud_slice/],
and for the IONS‐04 period, with that derived by subtracting
the SBUV measurement of stratospheric ozone from the
TOMS total ozone column [Fishman et al., 2003; see http://
asd‐www.larc.nasa.gov/TOR/TOR_Data_and_Images.
html]. This comparison is not intended to be quantitative,
as the data averaging periods are not exactly the same, and
the TOC values depend significantly on the definition of the
tropopause and the data averaging method. Nevertheless, the
qualitative agreement is a further validation of our trajectory‐
mapping method, and it is particularly encouraging to see the
agreement over the oceans, where no in situ ozone mea-
surements are normally available.

4. Conclusions

[32] A spatial domain‐filling technique using forward and
back trajectory calculations, applied to the large sets of
ozone soundings during the IONS campaigns over North
America in 2004, 2006, and 2008, has been shown to pro-
duce self‐consistent maps of the tropospheric ozone distri-
bution at 1° × 1° horizontal and 1 km vertical resolution.
Profiles sampled at some distance from the sounding sites
show good agreement with coincident MOZAIC aircraft
profiles. The ozone distribution in the lowest kilometer of
the atmosphere also shows fair agreement with measure-
ments at surface sites, although there are significant differ-
ences due to sampling and local emission sources. The total
tropospheric ozone column maps calculated by integrating
the smoothed fields agree well with similar maps derived
from TOMS and OMI/MLS measurements.
[33] Although results for the lowest 1 km of the atmosphere

are likely less accurate, as trajectories are less accurate in the

PBL, it appears that overall the most important errors are of
representativeness: where significant source regions (like
central California or Mexico) are poorly sampled or at coastal
sites where only continental trajectories are available. This
illustrates the importance in strategic network design of
choosing sites that are representative of important airflow
regimes.
[34] The resulting three‐dimensional picture of the tro-

pospheric ozone field for the INTEX and ARCTAS periods
facilitates visualization of regional patterns and the pro-
cesses they reflect, as well as comparison of different years
and seasons. In addition to studies based on the ozone fields
themselves, it is expected that these maps will be useful to
other researchers, as background information for (aircraft
and model) process studies, and for initialization and vali-
dation of models. The maps and data files are available for
download on the WOUDCWeb site, http://www.woudc.org.
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